Abstract To test mechanisms of basaltic magma degassing, continuous decompressions of volatile-bearing (2.7-3.8 wt% H 2 O, 600-1,300 ppm CO 2 ) Stromboli melts were performed from 250-200 to 50-25 MPa at 1,180-1,140°C. Ascent rates were varied from 0.25 to *1.5 m/s. Glasses after decompression show a wide range of textures, from totally bubblefree to bubble-rich, the latter with bubble number densities from 10 4 to 10 6 cm -3
Introduction
During magma ascent, decompression leads to the exsolution of volatiles (mainly H 2 O and CO 2 ) from the melt, and to their progressive transfer from the deep Earth to the atmosphere.
Gas emissions are manifestations of magma ascent towards the Earth's surface. Measurement of gas compositions and fluxes is one of the main tools for monitoring active volcanoes (e.g. Aiuppa et al. 2010a) . Because of the relatively high temperatures, low volatile concentrations and viscosities of basaltic magmas, their degassing is commonly viewed as a near-equilibrium process (Sparks et al. 1994) . The behaviour of volatiles during basaltic magma degassing is classically assumed to follow solubility laws (e.g. Lesne et al. 2011a, b) , with CO 2 being exsolved deeper (and therefore earlier upon ascent) than H 2 O (Bottinga and Javoy 1990a; Burton et al. 2007; Shinohara et al. 2008; Allard 2010 ). Several gas-melt saturation codes (e.g. Papale et al. 2006 ) now enable theoretical equilibrium decompression paths and depths of degassing to be calculated. Recently, isobaric experiments have confirmed equilibrium degassing models for basaltic melts (Lesne et al. 2011c ).
There are, however, several observations that do not fit into a simple, unique, equilibrium degassing model for basaltic magmas. (1) Explosive basaltic eruptions, known both at the Earth's surface and in deep oceans (e.g. Head and Wilson 2003) , imply sudden (as opposed to gradual) release of magmatic volatiles. Gas build-up in the conduit, either driven by the evacuation of a gas foam (e.g. Jaupart and Vergniolle 1988) or by the coalescence of gas bubbles, has been the preferred model for explosive basaltic volcanism although fragmentation of volatile-oversaturated melts warrants more detailed consideration. (2) CO 2 concentrations markedly higher than solubilities have been found in numerous basaltic glasses, especially MORB glasses for which eruption pressures are well known (e.g. Dixon et al. 1988; Pineau and Javoy 1994; Saal et al. 2002; Aubaud et al. 2004 and references therein) . In some of these glasses, kinetic fractionation of carbon and noble gas isotopes has been observed during magma ascent from the chamber to the seafloor (Aubaud et al. 2004) . (3) Theoretical considerations have stressed that nucleation of CO 2 bubbles in MORB melts requires degrees of supersaturation from 1.5 at [600 MPa to up to 7 at \100 MPa (Bottinga and Javoy 1990b) . Therefore, gas-melt separation in basaltic magmas may not be as easy as commonly postulated (Sparks et al. 1994 ). More generally, mechanisms of basaltic magmas degassing need a detailed re-evaluation. The implications range from the interpretation of volcanic gas data to more global issues such as the chemistry of planetary atmospheres and the determination of the carbon content of the Earth's mantle (Cartigny et al. 2008) .
Recent numerical simulations have emphasized dynamic instabilities of gas bubbles during buoyancy-driven flow of basaltic magmas (Suckale et al. 2010) . Experimental simulations of magma vesiculation and degassing are available for rhyolites to dacites Laporte 2002, 2004; Sisson 2000, 2005; Gardner and Ketcham 2011; Nowak et al. 2011 ), but are lacking for basaltic melts. In this paper, we present the first experiments to track degassing of H 2 O-and CO 2 -bearing natural basaltic magmas using high-temperature decompression experiments.
Scaling of the decompression experiments
In this study, decompression experiments were scaled against a reference volatile-rich, persistently degassing, basaltic volcano, Stromboli (Aeolian Islands, Italy). Magma ascent and degassing at Stromboli were simulated as closely as possible by simultaneously adjusting the different experimental variables to values appropriate to the natural system. Stromboli's regular mild-explosive activity is occasionally interrupted by much more energetic events, major explosions and eruptive paroxysms (Rosi et al. 2000) . These highly hazardous eruptions have been interpreted to result from the ascent and arrival in the volcanic edifice of a volatile-rich crystal-poor magma (''golden pumice'') batch (Pichavant et al. 2009 (Pichavant et al. , 2011 Metrich et al. 2010) or, alternatively, from the bursting of CO 2 -rich gas slugs generated at *8-10 km depth (Allard 2010) .
In this study, continuous decompression experiments of bubble-free but volatile-bearing basaltic melts were performed at high temperatures. Our experimental strategy thus differs from studies where melt decompression is simulated by a series of isobaric experiments at progressively decreasing pressures (e.g. Lesne et al. 2011c ). Performing decompression experiments requires several parameters to be fixed. (1) The same basaltic composition (prepared from a pumice emitted during one of Stromboli's paroxysmal events) has been used in all experiments; predecompression melts had a restricted range of dissolved H 2 O and CO 2 concentrations (2.7-3.8 wt% and 600-1,300 ppm, respectively), overlapping in part with volatile concentrations in Stromboli glass inclusions (Table 1; Metrich et al. 2010) . (2) Decompressions started at initial pressures (P init ) of either 200 or 250 MPa. This pressure range matches the depth of the magma reservoir source of golden pumice melts at Stromboli (Pichavant et al. 2009; Metrich et al. 2010) . (3) Temperature (T) was mostly kept constant (1,150°C) or, less frequently, slightly varied (from 1,180 to 1,150°C and 1,150 to 1,140°C) in a range consistent with temperatures of golden pumice melts (Di Carlo et al. 2006; Pichavant et al. 2009 ). (4) Concerning magma ascent rates, petrological estimates (based on plagioclase reaction rims and lack of microlites in ''golden pumices '', I Di Carlo, personal communication 2010) have yielded durations in the range from 1 to 10 h for ascent of ''golden pumice'' from their 8-km-depth source. This corresponds to ascent rates from 0.2 to 2 m/s, in excellent agreement with results for shoshonite magma ascent at Vulcanello, a nearby system closely similar (tectonic setting, magma composition, ascent mechanism) to Stromboli (Vetere et al. 2007 ). Consequently, a range of ascent rates (v ramp = 0.25, 0.5, 0.65, 1, *1.5 m/s) was investigated (for correspondence between ascent and decompression rates, see Table 2 ). Both constant (one ramp) and variable (two ramps) rate decompressions were performed since, at Stromboli, magma ascent is expected to be modified from *50 MPa upwards, as the base of the crystal-rich body is encountered (Landi et al. 2008) . (5) Decompression ramps ended at final pressures (P fin ) of either 50 or 25 MPa, and charges were immediately quenched once the final pressure was reached.
Experimental and analytical methods
Two types of experiments were performed in this study. Synthesis experiments served to produce bubble-free H 2 Oand CO 2 -bearing basaltic glasses to be used in the decompression experiments (Table 1) . In most cases, the syntheses and decompressions were performed independently from each other. Volatile-bearing melts were presynthesized at high temperatures and pressures under isobaric conditions and the resulting glasses used as starting materials in subsequent decompression experiments. Less frequently, the melt synthesis step was followed in the same experiment by the decompression step.
Starting materials
All experiments used pumice sample PST-9 as starting material. It contains about 10 % crystals (Di Carlo et al. 2006; Pichavant et al. 2011) . The sample was crushed to *50 lm and either used directly as powder or converted to glass by fusing the powder at 1 atm, 1,400°C for a few hours in air.
All experiments were performed with the sealed capsule method. Capsules were in all cases made of Au 80 Pd 20 , to minimize iron loss from the basaltic melt as a result of alloying with the metallic container (Di Carlo et al. 2006; Pichavant et al. 2009 ). For the synthesis experiments, H 2 O was added as demineralized water and CO 2 as Ag 2 C 2 O 4 . PST-9 (either glass or pumice), H 2 O and Ag 2 C 2 O 4 weights were adjusted so as to reproduce the pre-eruptive volatile concentrations of Stromboli golden pumice melts, as constrained from previous experiments (Pichavant et al. 2009 ). For the decompression experiments, pre-synthesized volatilebearing glasses, either powder or small blocks, were loaded in Au 80 Pd 20 capsules, which were then welded shut. No additional volatile was added to those already present as dissolved components in the glass, and this resulted in low proportions of free fluid (1-2 wt% maximum) in decompression capsules prepared from pre-synthesized glass. A few decompression capsules were prepared with pumice powder plus H 2 O and Ag 2 C 2 O 4 , yielding slightly higher (6-7 wt% maximum) fluid proportions because melt synthesis was in this case directly followed by decompression. At the difference of experiments starting from glass, a few crystals are present in experiments performed with pumice.
Equipment and run procedure
All experiments were performed in the same internally heated pressure vessel working vertically and pressurized with Ar-H 2 gas mixtures, obtained by sequential loading of H 2 and Ar at room temperature (Di Carlo et al. 2006; Pichavant et al. 2009 ). In all experiments, a pressure of 0.5 bar H 2 was initially applied. Then, Ar was pumped into the vessel up to a pressure depending on the final conditions to be attained. Although experimental fO 2 were not measured, previous work (Di Carlo et al. 2006; Pichavant et al. 2009 ) using the same vessel, procedure and starting materials has provided a precise empirical calibration scale Total pressure was recorded by a transducer calibrated against a Heise gauge (uncertainty ±20 bars). Decompression was controlled manually, by bleeding the pressurizing gas mixture with a micrometering valve. A double winding molybdenum furnace was used, allowing nearisothermal conditions in the 2-3 cm long hot spot (gradient \2-3°C/cm). Temperature was monitored with a Eurotherm controller and measured using two type S thermocouples (uncertainty ±5°C). For the non-isothermal experiments, temperature was manually varied by periodic adjustments of the controller's setpoint. Both pressure and temperature readouts were permanently recorded during decompression and the different decompression parameters extracted from the data file.
All experiments were terminated by drop-quenching the sample holder at essentially constant pressure, resulting in quench rates of *100°C/s (Di Carlo et al. 2006) . Capsules were weighed to check for leaks and then opened.
Analytical methods
A few capsules were cut in the middle for textural observations of the entire charge. For the other capsules, textural observations were made on fragments of run products. Both microscopic and SEM observations were performed, the latter using the JEOL WINSET JSM 6400 instrument at ISTO, Orléans. Bubble fractions (vol% bubbles or vesicularities) were determined on photomicrographs of run products with the ImageJ software and assuming Delesse's law (equality of area and volume fractions). To complement these 2D data, blocks (1-10 mm 3 ) from 5 selected charges were analysed by X-ray microtomography with the Nanotom 180 instrument by GE Sensing, phoenix|X-ray at ISTO, Orléans. Voxel sizes ranged between 2 and 3.5 lm, allowing the determination of bubble numbers, sizes and densities in addition to vesicularities.
Electron microprobe analyses of experimental glasses (and of crystals in experiment R16-1 where crystals were sufficiently large) were performed with the Cameca SX-50 instrument of the joint BRGM-CNRS facility at Orléans. The data mainly served to check the melt composition during decompression and evaluate the extent of Fe loss.
Analyses were carried out under an acceleration voltage of 15 kV, a counting time of 10 s and a sample current of 6 nA. For glass analysis, the beam was defocused to a size of *10 lm. Silicate minerals were used as standards. Estimated relative analytical errors are 1 % for SiO 2 , Al 2 O 3 , CaO, 3 % for FeO, MgO, TiO 2 and 5 % for MnO, Na 2 O, K 2 O, P 2 O 5 . Fe losses, calculated for the crystal-free charges by comparing the electron microprobe compositions of starting and final glasses and, for the crystalbearing charge R16-1, from mass-balance calculations (Pichavant et al. 2009 ), were of negligible importance (1-2 % relative).
Concentrations of H 2 O and CO 2 (as CO 3 2-) in glasses were determined by IR spectroscopy on doubly polished thin sections prepared from glass fragments. Both a Nicolet Magna 760 spectrometer attached to a NicPlan microscope (analytical spots) and a Nicolet 6700 spectrometer attached to a Continuum microscope (spots, 1D profiles, 2D maps) were used. Spectra were acquired between 650 and 7,400 cm -1 on samples mostly 40-60 lm thick. Profiles and maps, plus a few spots, were obtained on thicker (*150 lm) samples. An IR source, a KBr beamsplitter and a liquid nitrogen cooled MCT/A detector were used. Resolution was set to 2-4 cm -1 , and spectra were accumulated for 128-256 scans. Between 2 and 6 spots (aperture 40-100 lm) were analysed on each sample. Several glasses were analysed in duplicate (i.e. different glass wafers from the same experiment) and one in triplicate, results being averaged. Concentrations of H 2 O and CO 2 were determined from the Beer-Lambert law. Sample thicknesses were measured microscopically to ±1-2 lm. Densities of experimental glasses were calculated from the density of the anhydrous starting glass measured at room conditions and using a partial molar volume of H 2 O in glass of 12 cm 3 /mol (see Pichavant et al. 2009 ). H 2 O concentrations were obtained from the absorbance of the 3,530 cm -1 band, taking e 3530 = 64 L/mol.cm and a linear baseline between *3,800 and *2,500 cm -1 . For CO 2 , the absorbance of the 1,515 cm -1 band was measured on subtracted spectra Pichavant et al. 2009) , taking e 1515 = 363 L/mol cm. The spectrum used for the substraction is that of a volatile-free PST-9 glass. The detection limit for CO 2 (also taken as the absolute uncertainty of the CO 2 analyses) is *50 ppm. The 1D profiles (30-50 points) and 2D maps (*300 points) were collected with a 50 9 50 lm aperture and a distance between points (i.e. centres) of either 20 or 25 lm. The data were analysed with the Omnic software and concentration profiles and maps constructed.
All equilibrium gas-melt computations (saturation isobars, H 2 O and CO 2 solubilities, closed-system decompression paths) were calculated with the model of Papale et al. (2006) .
Experimental results
Full information about the glass synthesis experiments is given in Table 1 and about the decompression experiments in Table 2. Tables 3 and 4 summarize the FTIR and X-ray tomography data, respectively. Pressure-time trajectories for two representative decompression experiments are illustrated in Fig. 1 . The heating up period (not shown) is followed by a dwell of typically 600-1,200 s, occasionally longer, before decompression starts. For constant decompression experiments, the ascent rate (v ramp ) is kept constant along the ramp until P fin is attained (Fig. 1a) . For variable decompression experiments, the decompression path is divided into two ramps, the first above and the second below 50 MPa, each with a specific v ramp (Fig. 1b) .
Pre-decompression glasses
All pre-decompression glasses were bubble-free. SEM observations reveal the presence of rare quench crystals and of small (\5 lm) Fe-Ti oxides. Pre-decompression glasses divide into two compositional groups. The first (S1 to S3, Table 1 ) corresponds to melts synthesized at *200 MPa. Glass CO 2 concentrations are of the order of 600-850 ppm and H 2 O concentrations between 2.7 and 3.6 wt%. Although several S3 glasses were used directly in decompression experiments without being analysed, they are expected to have volatile concentrations in the same range because XH 2 O in. and % fluid (Table 1) were identical for all S3 capsules. The second group of melts, synthesized at *250 MPa (S4, S5), has H 2 O concentrations (2.7-3.8 wt%) equivalent to the first group, but higher CO 2 concentrations (900-1,300 ppm, Table 1 ).
Post-decompression textures and vesicularities
Post-decompression charges were generally glassy. They contain various amounts of bubbles (Fig. 2) and are very crystal poor. Only charge R16-1 (from the longest decompression experiment, Table 2 ) crystallized significant amounts (12 wt%) of clinopyroxene plus olivine. Tiny (B1-2 lm) oxide crystals (Ti-bearing magnetite, Di Carlo et al. 2006; Pichavant et al. 2009 ) occur commonly but always in very small amounts. Some charges contain quench crystals identified from SEM ( Table 2 ). The two R11 charges (Table 2 ) came out as fine-grained powders. The recovery of powders (the normal case is glassy blocks) indicates glass fragmentation in this particular experiment which spent the shortest time above 50 MPa and the longest between 50 and 25 MPa of all variable rate decompression experiments.
Three types of bubbles were distinguished (Fig. 2) . Type 1 occurs at the glass-capsule interface. They range from 150 to [500 lm and represent the space filled by the free vapour phase in the capsule. Large rounded cavities found in many glass fragments are probably broken type 1 bubbles. In comparison, type 2 and 3 bubbles both occur inside the glass (Fig. 2) . Type 3 bubbles have sizes in the 10-50 lm and type 2 in the 50-350 lm range. These two bubble types are interpreted to mark homogeneous bubble nucleation within the melt, the large size of type 2 bubbles reflecting both diffusive bubble growth and coalescence.
Vesicularities range from 0 to 20 vol%. There is a good match between data from 2D measurements and 3D X-ray tomography, with maximum differences of *2 vol% (taken as the analytical error) between the two methods ( Table 2 ). Vesicularities of charges ran together in the same decompression experiment (e.g. of charges 1, 2, 3 from experiments R1, R4 and R12, Table 2 ) are tightly grouped, suggesting that they are determined by the experimental variables (volatile concentrations of starting melts, decompression parameters) rather than by the physical state of starting materials (either glass powder, glass blocks or pumice powder, Table 2 ). Samples with low vesicularities (\5 vol%) come from experiments decompressed either at constant rates to 50 MPa (R1, R4, R16) or at variable rates to 25 MPa P fin (R12-15, Table 2 ). Charges with the highest vesicularities are those decompressed under constant ascent rates to 25 MPa P fin (R5, R10, Table 2 ; Fig. 3 ).
Bubble number densities range from 10 4 to 10 6 cm 23 (Table 4) , in the same range as in basaltic pumices from Stromboli (Polacci et al. 2006) . Although the number of 3D data is limited, BND stays constant or decreases slightly when P fin decreases and when v ramp decreases in the 50-25 MPa range. In contrast, vesicularities strongly increase when lowering P fin . These trends are consistent with bubble nucleation systematics in rhyolitic melts (Mourtada-Bonnefoi and Laporte 2004) . Bubble diameters range from 10-20 to 330 lm (Table 4) . Both the average diameter and the maximum diameter strongly increase with decreasing P fin as well as with decreasing v ramp in the 50-25 MPa range. Histograms have asymmetrical shapes as indicated by the difference between maximum and average bubble diameters ( (Table 3 ). Compared to pre-decompression glasses (Table 1) , both volatiles are significantly depleted in post-decompression glasses. However, the data points plot well above the 50 MPa gas-melt saturation isobar, (Fig. 4) . In contrast, glasses decompressed to 25 MPa P fin plot either on or close to their corresponding gas-melt saturation isobar and on extensions of closedsystem equilibrium decompression paths. They have H 2 O concentrations between 1.32 and 1.43 wt% and CO 2 concentrations ranging from below detection (i.e. B50 ppm, R5) to *100 ppm (R10 , Table 3 ). Data at constant v ramp (0.64 m/s: R1, R10; 1 m/s: R4, R5) show that decreasing P fin leads to a progressive decrease in glass H 2 O and CO 2 concentrations. However, the observed volatile depletions differ from those expected along closedsystem equilibrium decompression paths. CO 2 appears to be degassed at low pressures in the experiments, mostly between 50 and 25 MPa, whereas one would expect it to be lost much earlier, that is, at pressures [50 MPa, on the basis of calculated equilibrium degassing trajectories (Fig. 4) . Glasses decompressed under variable rates to 25 MPa P fin also show systematic deviations from the 25 MPa isobar and calculated closed-system decompression paths, except glass 12-1 if error bars are considered (Fig. 5) . They have H 2 O concentrations between 1.14 and 1.57 wt% and CO 2 concentrations from 257 to 420 ppm (Table 3) . For comparison, volatile concentrations calculated for predecompression melt S5 assuming closed-system equilibrium degassing are respectively 1.56 wt% H 2 O and 6 ppm CO 2 at 25 MPa. The data also reveal that the CO 2 /H 2 O ratio of post-and pre-decompression melts are positively correlated, the starting melts with the highest CO 2 yielding the most CO 2 -rich final melts (Fig. 5) .
Decoupling between H 2 O and CO 2 A closer analysis reveals that the behaviour of H 2 O and CO 2 is actually decoupled. Final H 2 O and CO 2 concentrations in glass are plotted as a function of sample vesicularities in Fig. 6 . The data are compared with H 2 O and coexisting at equilibrium with PST-9 melts at various pressures is known experimentally; below 100 MPa, they range between 0.8 and 0.85 (Pichavant et al. 2009, their Fig. 5 ). So, the solubility calculations have been performed for XH 2 O fl. = 0.8 at 50 MPa and 0.85 at 25 MPa. For both P fin = 50 and 25 MPa, glass H 2 O concentrations show no dependence with vesicularity, the data for 25 MPa including both constant and variable decompression charges (Fig. 6a) . In addition, H 2 O concentrations of postdecompression glasses show close agreement with solubilities (2.15 and 1.41 wt% H 2 O, respectively, at 50 and 25 MPa), especially if one notes that P fin is in fact \50 MPa for the ''50 MPa'' charges R1 and R4 (Table 2) .
In contrast, post-decompression glass CO 2 concentrations vary inversely with vesicularity (Fig. 6b) . The constant decompression charges to P fin = 50 MPa have glass Fig. 4 H 2 O and CO 2 concentrations in glasses from the constant ascent/decompression rate experiments. Filled circles pre-decompression glasses; filled squares glasses decompressed to 50 MPa P fin ; filled diamonds glasses decompressed to 25 MPa P fin . For the predecompression glasses, colours refer to synthesis experiments S1, S2, S3, S5 in Table 1 . For the post-decompression glasses, symbol colours specify the pre-decompression glasses used. p indicates a charge starting from pumice instead of pre-synthesized glass, see text. Error bars (standard deviations, Table 3 Table 1 . For the post-decompression glasses, symbol colours specify the pre-decompression glasses used. p indicates a charge starting from pumice instead of pre-synthesized glass, see also text. Error bars (standard deviations, Table 3 ) are indicated on the data points. Thin continuous lines and dashed curves as in Fig. 4 R15) show that the spatial distribution of CO 2 in glass is controlled by the proximity to the gas-melt interface.
H 2 O stays constant, but CO 2 is depleted and so H 2 O/ CO 2 increases near the interface (Fig. 7) . The CO 2 concentration gradient is observed over distances of 100-200 lm in the melt. This is in reasonable agreement with distances calculated for CO 2 diffusion in hydrous basaltic melt under our experimental conditions (200-400 lm, CO 2 diffusivity calculated from Zhang and Ni 2010) , suggesting that the near-interface concentration gradient reflects frozen diffusive motion of CO 2 within the melt. The absence of H 2 O concentration gradient is the consequence of the H 2 O diffusivity being greater than the CO 2 diffusivity in basaltic melts (Zhang and Stolper 1991) . In addition to the CO 2 spatial heterogeneity, the high CO 2 standard deviations in glasses 4-3 and 12-1 (both starting from pumice) probably reflect initial CO 2 heterogeneity in predecompression melts. This is because, in those experiments, the melt synthesis step (which is directly followed by decompression) is relatively short and so pre-decompression melts did not have long enough times to equilibrate.
Interpretation and discussion of experimental observations

Bubble nucleation in basaltic melts
Although our experiments were not designed specifically to study bubble nucleation in basaltic melts, they provide useful data on this topic critical for magma degassing. So far, systematics of bubble nucleation in silicate melts have concerned mostly rhyolitic melts (Mangan and Sisson 2000; Mourtada-Bonnefoi and Laporte 2002; . Dacitic (Mangan and Sisson 2005; Gardner and Ketcham 2011) and rhyodacitic (Nowak et al. 2011 ) melts have also been investigated. During decompression, volatile supersaturation builds up in the melt; surface tension forces are overcome and bubbles homogeneously nucleate (Mangan and Sisson 2000; Laporte 2002, 2004) . In some cases, the spatial interaction between growing bubbles can lead to their coalescence (Bai et al. 2007 ).
In the constant rate decompression experiments, neither the composition of pre-decompression melts (CO 2 /H 2 O ratio) nor the decompression rate, from 0.26 m/s (R16), 0.64 m/s (R1, R10) to 1.03 m/s (R4, R5, Table 2 ), strongly influences vesicularity. Previous work has shown that the decompression rate has little influence on critical bubble supersaturation pressures DP s (= P sat -P hbn , with P sat = pressure of fluid saturation, here assumed to be \P init , and P hbn = maximum P fin at which homogeneous bubble nucleation is observed, Mourtada-Bonnefoi and Table 3 ) are indicated on the data points Laporte 2002 Laporte , 2004 , and our experiments do not reveal any large influence of v ramp either. As expected, the main variable controlling vesicularity is P fin . Charges decompressed to 50 MPa P fin have small bubbles and thus low vesicularities, \5 vol% (Tables 2, 4 ). In contrast, charges decompressed to 25 MPa show a marked vesicularity increase (vol% bubbles up to *20 %) mainly accommodated by a large increase in bubble size (Tables 2, 4) . Bubble number densities are in the same range or decrease slightly from 50 to 25 MPa P fin (Table 4) . Textural evidence thus suggests that homogeneous bubble nucleation takes place both at 50 and 25 MPa P fin in the constant decompression rate experiments. Therefore, critical bubble supersaturation pressures of 150 MPa maximum are inferred for the H 2 O-and CO 2 -bearing basaltic melts of this study. For rhyolitic (Mourtada-Bonnefoi and Laporte 2002) and dacitic (Mangan and Sisson 2005; Gardner and Ketcham 2011) melts, DP s are respectively in the same range and lower than found here. Lensky et al. (2006) determined a critical supersaturation pressure of 200 ± 100 MPa for CO 2 bubbles in a synthetic mafic melt decompressed from 1.5 GPa. From our results, an upper limit for the melt surface tension (r) of 0.18 N/m is obtained using data from Table 4 (Khitarov et al. 1979) , the lowest end of the range corresponding to hydrous compositions at 1,200°C.
The variable rate experiments decompressed to 25 MPa P fin lack the large bubbles typical of the constant rate experiments for the same P fin . Their vesicularities (0-4 vol%) are in the same range as in the constant rate experiments to 50 MPa P fin (0-5 vol%, Table 2 ). Thus, bubble growth did not take place between 50 and 25 MPa (i.e. during ramp 2) in these experiments. Upon decompression, transfer of volatiles out of the melt occurs at the gas-melt interface (diffusive volatile transfer). This buffers the degree of volatile supersaturation in the melt and delays bubble nucleation (Mangan and Sisson 2000) . Bubble growth is prevented, and previously formed bubbles may resorb (Yoshimura and Nakamura 2010) . In our variable rate decompression experiments, diffusive volatile transport towards the gas-melt interface is demonstrated by the spatial distributions of H 2 O and CO 2 (Fig. 7) . The variable rate experiments have the lowest v ramp2 and, consequently, the longest ramps 2 (t ramp2 [ 1,860 s, Table 2 ). Therefore, timescales for ramp 2-related diffusive volatile transfer are longer in the variable than in the constant rate experiments, explaining why bubble growth is preferentially delayed in the former than in the latter.
Another factor of difference between the variable and constant rate experiments is compositional. High CO 2 melt concentrations negatively influence bubble nucleation (Bottinga and Javoy 1990b; Mourtada-Bonnefoi and Laporte 2002; Bai et al. 2007 ). Variations in CO 2 /H 2 O ratios between pre-and post-decompression glasses indicate that CO 2 is kept in greater amounts within the melt in the variable than in the constant rate experiments. Short t ramp1 limits diffusive loss of CO 2 out of the melt during ramp 1. This, together with the use of pre-decompression melts with high CO 2 /H 2 O, would inhibit bubble nucleation during decompression. This is illustrated by experiments R14 and R15 (short t ramp1 , \5,000 s, pre-decompression melt S5 which has the highest CO 2 /H 2 O, Tables 1, 2), which did not nucleate bubbles at 25 MPa P fin . It is concluded that certain mechanisms act cooperatively to inhibit bubble nucleation and growth during decompression; in particular, the variable rate experiments combine P-t trajectories, ramp durations and initial melt CO 2 /H 2 O that promote CO 2 retention within the melt during ramp 1 and volatile transfer out of the melt during ramp 2.
Degassing mechanisms
Our experiments simulate the degassing of H 2 O-and CO 2 -bearing basaltic melts as a result of decompression at essentially constant temperature. One important observation is that volatile concentrations of post-decompression glasses and vesicularities of experimental charges are correlated (Fig. 6) . Therefore, magma vesiculation controls the degassing process, and two end-member cases can be distinguished. In experiments decompressed at constant rate to 25 MPa (R5, R10, Table 2 ), homogeneous bubble nucleation takes place. Vesicularities of post-decompression charges are high ([5 %) since bubbles are relatively large (Table 4) . CO 2 and H 2 O concentrations in postdecompression glasses approach their respective solubilities (Fig. 6) . Because of the relatively large gas bubbles and high vesicularities, diffusive transfer of H 2 O and CO 2 in the melt plays a negligible role. Therefore, a degassing regime controlled by the equilibrium partitioning of CO 2 and H 2 O between melt and gas bubbles is generated and gas-melt equilibrium is approached. This is the situation classically considered in the volcanological literature (Sparks et al. 1994) .
Another case is illustrated by variable rate decompression experiments to 25 MPa, especially R14 and R15 ( Table 2 ). Because of inhibited bubble nucleation and growth due to the combination of specific P-t ascent trajectories, volatile transfer out of the melt and high CO 2 / H 2 O pre-decompression melts, homogeneous melt nucleation does not occur in those charges. Degassing thus proceeds by diffusive motion of volatiles over long distances in the melt and their loss at gas-melt interfaces (Mangan and Sisson 2000) . Volatile diffusivities, but also durations of decompression ramps and sizes of experimental charges, control whether diffusive volatile motion is effective at the scale of the entire charge or is only local. For H 2 O, concentrations in post-decompression glasses show no variation with vesicularity and are in good agreement with the solubilities (Fig. 6a ). This suggests that melt H 2 O concentrations imposed by gas-melt interface equilibrium can propagate diffusively in the whole charge for our particular experimental durations and sample sizes. However, for CO 2 , concentrations largely exceeding the solubilities are obtained (Fig. 6b) . CO 2 concentration gradients are present near the gas-melt interface, reflecting diffusive motion of CO 2 in the melt driven by gas-melt interface equilibrium (Fig. 7) . Away from gas-melt interfaces, local CO 2 concentrations higher than equilibrium values persist in the melt, generating a disequilibrium degassing trend (Mangan and Sisson 2000) . In this regime, the behaviour of H 2 O and CO 2 is effectively decoupled, reflecting the difference in melt diffusivity between the two volatile components. H 2 O diffuses faster than CO 2 in hydrous basaltic melts (7-10 times faster, Zhang and Stolper 1991) , and this translates directly into the contrasted behaviour of H 2 O and CO 2 illustrated in Fig. 6 . Kinetic effects similar to those found here for CO 2 are anticipated for volatiles with diffusivities significantly smaller than H 2 O, such as SO 2 (Baker et al. 2005) .
The interpretation of our experimental observations can be generalized by considering volatile transfer distances in the melt. In the first end-member case above (constant rate decompressions to 25 MPa), bubbles have large sizes and so distances between them are small. Consequently, diffusive volatile transfer in the melt is necessarily limited by these short distances. In the second end-member case (variable rate charges R14 and R15 to 25 MPa), bubbles are absent and so volatile transfer distances are long, being limited by sizes of experimental samples and lengths of volatile diffusion. The intermediate case includes the constant rate experiments to 50 MPa (R1, R4, R16) and variable rate experiments to 25 MPa (R12, R13, Table 2 ). In those experiments, homogeneous bubble nucleation takes place, but the bubbles have small sizes (Table 4) , implying intermediate bubble-bubble distances. So, in these charges, the evaluation of volatile transfer distances requires comparison between distances between bubbles and lengths of volatile diffusion. For H 2 O, the data (Fig. 6a) confirm that diffusive equilibration can take place over relatively long distances. For CO 2 , concentrations higher than equilibrium persist in the melt (Fig. 6b) , indicating that CO 2 diffuses over distances smaller than distances between bubbles. As a general conclusion, we suggest that the degassing process, equilibrium vs. disequilibrium, is controlled by two characteristic distances:
(1) the distance either between bubbles or between gasmelt interfaces, hereafter designated as the gas interface distance, and (2) the volatile diffusion distance (Fig. 8) . The former depends on textural characteristics (presence and size of gas bubbles) imposed by the bubble nucleation and growth steps and by the size of experimental samples. The latter is controlled by the diffusivities of H 2 O and CO 2 in the melt and experimental durations. Equilibrium degassing takes place when the gas interface distance is shorter than diffusion distances for both H 2 O and CO 2 . In the opposite case (gas interface distance longer than the diffusion distance for the slowest diffusing volatile, CO 2 ), disequilibrium degassing will follow.
Volcanological implications
General
Our decompression experiments were scaled against a reference volcano (Stromboli), and so the results are considered applicable to the ascent, decompression and degassing of basaltic magmas. Probably the most important implication for volcanology is the demonstration of the possibility of disequilibrium degassing for temperatures, decompressions, ascent rates and melt compositions typical of a natural system. Future interpretations of gas data at basaltic volcanoes should take this possibility into consideration. Volcanic gas compositions are classically interpreted assuming gas-melt equilibrium. For example, variations in measured gas H 2 O/ CO 2 ratios at Stromboli have been interpreted to reflect changes in the depth of explosive gas-melt segregation in the conduit (Burton et al. 2007) . However, this study shows that degassing regimes are influenced in a complex way by Fig. 8 Illustration of the degassing model discussed in text. a Schematic representation of experimental charges showing capsule, gas phase, gas-melt interfaces, basaltic melt and two gas bubbles present inside the melt. M represents a volume of H 2 O-and CO 2 -bearing basaltic melt experiencing degassing following decompression. M-b and M-g refer respectively to the half distance between bubbles and the distance to a gas-melt interface, as discussed in text. dH 2 O and dCO 2 are the diffusion distances for H 2 O and CO 2 in the melt. Diffusion is assumed spherical and diffusivities constant (but different between H 2 O and CO 2 ). The diffusion distances are represented from M to allow comparison with the other distances Mb and M-g. The drawing illustrates one possible case of disequilibrium degassing which corresponds to most of our experimental charges. Bubbles nucleate during decompression but bubble growth is limited, yielding relatively large bubble-bubble distances. Degassing proceeds by diffusive volatile transfer in the melt towards gas bubbles and gasmelt interfaces. The drawing illustrates the case of the half distance between bubbles (and distance to the gas-melt interface) being longer than the CO 2 volatile diffusion distance. Therefore, CO 2 concentration (CCO 2 ) gradients are present in the melt, reflecting diffusive motion of CO 2 driven by local equilibrium at the bubble-melt interfaces (b). Away from these interfaces, CO 2 concentrations higher than solubilities persist in the melt (b). In comparison, for H 2 O, the diffusion distance is longer than the distance between bubbles and between the gas-melt interfaces. H 2 O concentrations (CH 2 O) imposed by local equilibrium at bubble-melt and gas-melt interfaces can propagate diffusively in the whole charge as demonstrated in b by CH 2 O being equal to the solubility. A disequilibrium degassing trend is generated (c) with a melt phase enriched in the volatile component with the lowest diffusivity (CO 2 in our experiments) and a gas phase in the volatile component with the highest diffusivity (H 2 O in our experiments) decompression parameters (P fin , P-t ascent trajectories and durations), pre-decompression melt CO 2 /H 2 O ratios and volatile diffusivities. Consequently, gas composition should carry information on magma ascent mechanisms and timescales. Although not analysed in this study, the composition of the experimental gas phase is expected to vary along with the degassing mechanism. For ascent conditions allowing bubble nucleation and growth (experiments at constant rate to 25 MPa, R5, R10, Table 2 ), glass volatile concentrations suggest equilibrium partitioning of volatiles between melt and gas, and consequently, equilibrium gas compositions are expected. For ascent conditions where bubble nucleation is inhibited or bubble growth limited, the gas phase should be preferentially enriched in the volatile component with the highest melt diffusivity (H 2 O in our experiments). This is because the melt phase keeps enrichment in the volatile component with the smallest diffusivity (CO 2 in our experiments). The same reasoning could be tested to interpret variations in gas CO 2 /SO 2 ratios given the difference in diffusivity between these two components (Baker et al. 2005) .
This study demonstrates that disequilibrium volatile degassing of basaltic magmas is the consequence of ascent conditions that either prevent gas bubbles to homogeneously nucleate (inhibited bubble nucleation) or limit their growth (limited bubble growth). In our experiments, conditions for inhibited bubble nucleation are encountered in the variable ascent rate experiments to 25 MPa P fin , especially those performed with CO 2 -rich pre-decompression melts. Conditions for limited bubble growth are found both under constant ascent rates to P fin = 50 MPa and variable ascent rates to P fin = 25 MPa. Under those circumstances, degassing proceeds essentially by volatile transfer out of the melt, either at gas bubble or gas-melt interfaces. When gas interface distances are larger than volatile diffusion distances, degassing is kinetically limited by the diffusivities of the different volatiles in the melt. Thus, sizes, geometries and textures of magmatic flows (for example width of feeder dykes) should affect degassing processes. In contrast, when conditions are such that homogeneous bubble nucleation does occur, and bubbles can grow to large sizes (our experiments under constant ascent rates to 25 MPa P fin ), degassing essentially follows equilibrium, that is, volatile concentrations, both for the melt and the gas phase, can be modelled assuming gas-melt thermodynamic equilibrium (Moretti and Papale 2004; Papale et al. 2006; Allard 2010) .
One important practical finding concerns the possibility to generate CO 2 -supersaturated melts during ascent and decompression of basaltic magmas. CO 2 -rich, H 2 O-poor melts that deviate from equilibrium degassing trajectories occur both as rapidly quenched basaltic flows at mid-ocean ridges (e.g. Dixon et al. 1988; Pineau and Javoy 1994; Saal et al. 2002; Aubaud et al. 2004 and references therein) and as glass inclusions in volcanic systems (e.g. Spilliaert et al. 2006; Collins et al. 2009; Helo et al. 2011) . Such melt compositions exist at Stromboli, both as glass inclusions and embayments (Metrich et al. 2010) . So far, these CO 2 -enriched melts have been explained by flushing of the system with CO 2 -rich gases (e.g. Blundy et al. 2010; Metrich et al. 2010; Pino et al. 2011) . Here, we propose as an alternative possibility that such compositions represent CO 2 -oversaturated melts generated during magma ascent as a result of disequilibrium degassing. At Stromboli, both embayments and glass inclusions in scoriae keep high CO 2 concentrations for relatively low H 2 O,\2 wt% (Fig. 9) . These compositions and the variable rate 25 MPa P fin post-decompression experimental glasses partially overlap, consistent with the suggestion above about these natural glasses being generated as a result of disequilibrium degassing. However, the natural glasses have generally higher CO 2 contents for a given H 2 O than the experimental glasses. Glass inclusions in pumices (representative of natural pre-decompression melts) also have CO 2 concentrations higher than our pre-decompression melts (Fig. 9) . Given the positive correlation between CO 2 /H 2 O in post-and pre-decompression melts (Fig. 5) , post-decompression melts with CO 2 concentrations more typical of Stromboli embayments and inclusions would be expected to be generated from pre-decompression melts slightly more CO 2 -rich and H 2 O-poor than in this study.
Stromboli
Volcanic gas compositions before paroxysms at Stromboli are characterized by a dramatic increase in CO 2 fluxes, this CO 2 -rich signal occurring over durations of typically several days before the eruption (Aiuppa et al. 2010b ). Current models to explain these observations have appealed to the arrival of either a volatile-rich magma batch or a gas slug at shallow levels in the volcanic edifice (Metrich et al. 2010; Allard 2010) . One difficulty with either model concerns the timescale of events, because the CO 2 signal has durations much longer than needed for ascent of either magma or slug, constrained to\10 h from petrological estimates (I Di Carlo, personal communication 2010) . One possibility arising from our experimental simulations is that paroxysms at Stromboli are driven by explosive degassing and fragmentation of CO 2 -oversaturated melts. It should be noted that two of our variable rate decompression charges to 25 MPa P fin yielded fragmented products. Although additional experiments are needed on this point, it is worth considering that the two fragmented charges come from the experiment with the shortest t ramp1 and the longest t ramp2 (R11 , Table 2 ), suggesting the possibility of specific fragmentation mechanisms for CO 2 -oversaturated melts.
In our model, the CO 2 signal observed long before the paroxysmal eruption would be attributed to low-pressure (\50 MPa) degassing of CO 2 -oversaturated golden pumice magma batches. Direct evidence for the presence of such melts at Stromboli is provided by CO 2 -oversaturated glass inclusions and embayments (Fig. 9 ). Rather than a deep gas signal (Allard 2010; Metrich et al. 2010) , we propose as a working hypothesis that the specific CO 2 -rich gas signature marks the degassing of CO 2 -oversaturated melts, and the preferential loss of ''excess'' CO 2 dissolved in the melt. The long-term increase in CO 2 fluxes before paroxysms would thus track the progressive arrival of CO 2 -oversaturated magmas in the shallow volcanic edifice and their low-pressure degassing. Emplacement of a critical amount of supersaturated CO 2 -rich melts may provide the triggering factor leading to the paroxysmal eruption. The possibility to generate CO 2 -oversaturated melts offers new perspectives for fragmentation of mafic magmas and explosive basaltic volcanism.
Conclusions
Continuous decompression experiments have been performed on H 2 O-and CO 2 -bearing basaltic melts from 250-200 to 50-25 MPa at 1,180-1,140°C. Melt volatile concentrations (2.7-3.8 wt% H 2 O, 600-1,300 ppm CO 2 ) and decompression parameters (P init , P fin , P-t trajectories, ramp durations) were scaled against a reference basaltic volcano, Stromboli (Aeolian islands, Italy). Ascent rates were varied from 0.25 to *1.5 m/s. Results directly simulate basaltic magma degassing and have implications for gas monitoring and explosive basaltic volcanism. They also stress the need for systematic experimental studies of (1) bubble nucleation and (2) volatile diffusion in basaltic melts and (3) degassing, vesiculation and fragmentation of CO 2 -oversaturated melts.
Textural characteristics of post-decompression charges (vesicularities, bubble numbers and sizes) and volatile concentrations of post-decompression glasses are closely correlated. Mechanisms of basaltic melt degassing depend on the capacity of the system to nucleate and grow gas bubbles. Constant rate decompression experiments suggest critical bubble supersaturation pressures of 150 MPa maximum for the H 2 O-and CO 2 -bearing basaltic melts of this study. Bubble nucleation and growth are both inhibited in variable rate decompression experiments because P-t ascent trajectories and initial melt CO 2 /H 2 O promote CO 2 retention within the melt and diffusive volatile loss.
Both equilibrium and disequilibrium degassing occur in our experiments. The degassing process is controlled by two characteristic distances: the gas interface distance (distance either between bubbles or to gas-melt interfaces) and the volatile diffusion distance. Equilibrium degassing takes place when the gas interface distance is shorter than diffusion distances for both H 2 O and CO 2 . When the gas interface distance is longer than the diffusion distance for the slowest diffusing volatile (CO 2 ), disequilibrium degassing occurs; CO 2 -oversaturated melts and fluids more H 2 O rich than equilibrium compositions are generated.
Disequilibrium degassing can occur for temperatures, decompressions, ascent rates and melt compositions typical of basaltic systems, and interpretation of gas data at basaltic volcanoes should integrate this possibility. Fragmentation of CO 2 -oversaturated melts warrants more detailed consideration as a mechanism driving explosive basaltic volcanism.
